Abstract
Introduction

26
In the upcoming years, the population living on our planet will increase and they will have to 27 be provided with enough energy, materials and food. Currently, our society is based on the 28 utilization of fossil fuels as a primary energetic source leading the world to environmental, Four metallic salts (Pd, Ag, Cu and Fe) have been used for preparing the nanoparticles (NP).
123
To encapsulate these NP inside a porous silica matrix, the cogelation method was used as 124 described by Lambert et al. (Lambert et al., 2004) and by Heinrichs et al. (Heinrichs, 2008) .
125
The samples are denoted Pd/SiO 2 , Ag/SiO 2 , Cu/SiO 2 and Fe/SiO 2 cogel (Table 1) 
135
In Table 1 , a second Fe/SiO 2 sample, called Fe/SiO 2 dissol, is presented. This sample was 136 prepared by the dissolution method (Heinrichs, 2008) , which consists of dissolving the iron 137 salt in the initial homogenous solution of silica gel precursor. Moreover, the porous silica 138 matrix without NP, denoted SiO 2 , was also synthesized by the sol-gel process (Lambert, 139 2004) to check if SiO2 plays a significant rule for the biohydrogen production. dispersed inside the silica matrix, whereas catalyst is used to define the combination between 147 NP and silica.
148
Concentrated suspensions in water of these samples were prepared in 50 mL bottles by finely 149 pounding (at micrometre-size) and weighting some catalysts. Based on the mass suspended in 150 the bottles, the metallic mass loading in the catalyst and the metal atomic weight (Table 1) catalysts. An equivalent mass of SiO 2 was added in the corresponding test without NP. 
Fermentation set-up
157
The BHP tests were carried out in 270 mL bottles with 200 mL of MDT medium adjusted at 158 pH 7.6 with NaOH 5N as formerly described by (Hamilton et al., 2010) . Suspended catalysts
159
were added in the bottles to reach the wished metallic concentration prior to sterilization. The 160 bottles were inoculated with 3 mL of inoculum before being capped tightly with a sterile 161 rubber septum, flushed with sterile nitrogen and incubated at a temperature of 30 °C. The data
162
for the BHP test are representative results of independent experiments run in triplicates.
163
The experiments in AnSBR were done in a 2. hydrogen.
213
The volume of biogas was measured every 24 hours during four days after the inoculation.
214
The daily volumetric hydrogen production, determined according to the description of the and total production were in line with previous BHP test with the C. butyricum strain
217
( Hiligsmann et al., 2011) . A sigmoid profile was observed, indicating a lag phase followed by exponential growth and simultaneous production of hydrogen. Indeed, when growing, the 219 release of soluble metabolites in the medium decreased the pH down to inhibiting level. It 220 resulted in lower hydrogen production after three days, near the end of the culture.
221
None of the NP tested showed an inhibiting effect since the production of hydrogen was 222 similar or higher than in the reference BHP test (without NP and/or without SiO 2 ). Indeed, it 223 is known that silver and copper behave as antimicrobial elements since they destruct the 
Hydrogen production rates and yields
238
The Gompertz model was applied to the cumulative H 2 production curves. The resulting 239 coefficients are reported in the Table 2 . It confirms that the maximum cumulative H 2
240
productions were achieved for the iron oxide NP, i.e. 34% higher than in the reference BHP 241 test. Moreover, the maximum hydrogen production rates (HPR) were 58 % higher with the Fe/SiO 2 catalysts than the 1.97 ± 0.2 mL·h -1 recorded without catalyst addition. These results
243
suggest that the NP have a higher influence on the kinetic of H 2 production than on the total 244 volumetric production from glucose. By contrast, no significant influence was observed for 245 the lag phase that varies between 7 and 14 hours for all the tests.
246
In addition, no significant difference was evidenced for the hydrogen production yields, based 247 on the total hydrogen production and the substrate consumption ( et al., 2010) .
258
In our BHP tests, the gain of hydrogen production recorded with some catalysts was partially 259 due to higher glucose consumption in these conditions than in the reference test. For instance 260 with iron oxide NP, the yields were slightly increased by 12%, that is half of the increase in 261 volumetric H 2 production. This is probably due to a different evolution of pH in these cultures 262 since the production of hydrogen is a way for the bacteria to limit the pH decrease by the 263 reduction of acidic proton into molecular hydrogen (Das, 2009) . Therefore, the more the 264 bacteria are producing hydrogen to limit the drop of pH, the more they can consume glucose glucose was consumed for the production of hydrogen with Fe/SiO 2 catalysts. Therefore, the gain of hydrogen production was at least partially due to the increase of glucose consumption.
268
Meanwhile, the yields were slightly increased of 12%, half of the increase performed for the 2010) However, the F0 sequence was important to promote bacteria growth (at a higher pH 319 than 5.2) from only 0.5 L of inoculum added whereas the next sequences began with 1.5L of 320 rich biomass culture medium (60% of the bioreactor medium from the former sequences).
321
In the successive sequences without NP, the yields did not show any significant variation. By 322 contrast, the mean HPR showed an evolution. The mean HPR is estimated as the ratio 323 between the volume of hydrogen produced and the total time of hydrogen production during 324 the sequence. It should be noted that they were not calculated for F8, F11 and F14 since the 325 elapsed production time for these sequences was overestimated. Figure 3 (Khanal et al., 2004; Wang & Wan, 2009a) .
337
The carbon mass balance confirms that during sequences from F1 to F6 no significant 338 changes occurred in the metabolic pathways in the sequenced-batch mode ( the mean HPR, from 44.7 ± 0.8 to 61.8 ± 3.9 mL H2 ·h -1 , whereas the yields remained at 2.2 ± 348 0.1 mol hydrogen /mol glucose . (Figure 3) . Therefore, the addition of NP would have a kinetic effect 349 rather than a metabolic effect on the production of hydrogen. It played a role on the rate of 350 hydrogen formation rather than on the metabolites pathways followed by the bacteria, as 
354
Indeed it is considered that with the successive dilutions of the medium the concentration of
355
NP was ten times lower in F14 than in F9.
356
A Gompertz modelling on the production of hydrogen was performed for each sequence with HPR of 98.9 ± 9.6 mL H2 ·h -1 . The increase of the rate brought by the addition of NP is 362 confirmed with a maximum HPR from F7 to F14 of 214.5 ± 33.9 mL H2 ·h -1 . By contrast, the maximum volume of hydrogen estimated by the Gompertz model slightly decreased from 364 3.35 ± 0.11 to 3.15 ± 0.22 L H2 per sequence.
365
The metabolic profiles and carbon mass balance did not show any significant differences 366 between the sequences without and with NP ( with previous studies in similar conditions (Masset et al., 2010) . At optimal pH conditions, 371 the metabolic pathway was clearly oriented toward the production of hydrogen allowing 372 higher yields. This is shown with more than 42% of the carbon consumed converted in 373 butyrate and 13% in acetate.
374
Regarding the mechanisms promoted by the NP, it can be suggested that they were not is more likely that the bacteria would consume the free ions from the medium before trying to use the stable iron oxide NP encapsulated inside the porous silica matrix. Moreover, it has 389 been shown that free iron supplemented in the media had a clear effect on the rates rather than 390 on the yields as it was observed in this study (Hamilton et al., 2010 Mean value without NP (F3 -F6) 0.3 ± 0.6 0.8± 0.6 13.8 ± 0.8 0.5 ± 0.1 49.1 ± 1.5 25 ± 1
Mean value with NP (F7 -F14) 2.7 ± 1 2.7 ± 1 14.2 ± 0.5 1.3 ± 1 43.5 ± 1.5 23.9 ± 0.2 
